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This  linal  technical  report  sunimanzc's  ^the  nccomplishmeiiLs  ol'  our  research 
under  grant  AFOSR-86-(X)31  to  understandThe  physics  underlying  ulirafast  tran¬ 
sient  phenomena  that  excur  in  the  semiconductor  microstructures.  This  type'  of 

/ 

research  is  necessary  to  help  advance  and  develop  the  I'uturc  generation  ol" 
ultrafast  micn^'lectronic  devices. 

Microstrucuire  samples  were  obtained  primarily  from  H.  Morkoc  of  Univer¬ 
sity  of  Illinois,  M  Niigaki  of  Hamamatsu  Photonic  KK,  Rick  Bertaska  of  McDonnel 
Douglas,  Emil  Koteles  ol'  GTE,  and  M  G.  Spencer  of  Howard  University. 

In  the  following  final  report,  we  review  our  key  accomplishments  achieved 
during  the  funding  period  of  12/01/85  to  11/30/89  which  were  rept)rtcd  annu¬ 
ally,  followed  by  a  list  of  total  of  25  publications. 

Fourteen  accomplishments  were  made  during  this  grant: 

1.  Nonequilibrium  phonon  effects  on  the  energy  relaxation  and  lifetime 
of  photogenerated  carriers  in  GaAs  MQW^'  -  , 

—  f 

A  large  population  of  nonequilibrium  longitudinal  optical  phonons  prcxluced 
in  the  energy  relaxation  prcx'css  of  hot  carriers  manil'ests  itself  by  nonequilibrium 
phonon-stimulated  phonon  replica  which  is  located  at  alx>ut  30  meV  bt'low  n=l 
electron-hole  transition.  The  energy  relaxation  is  substantially  suppressed  due  to 
the  existence  of  noneqtiilibrium  phonons  alter  an  initial  rapid  cixding.  The 
numbt'r  of  phoux’xcited  carriers  decreases  anomalously  fast  within  the  first  30  ps 
after  the  photexxcitation.  An  effective  carrier  depletion  time  is  determined  to  he 
as  short  as  10  ps.  A  mechanism  which  leads  to  shch  a  short  carrier  depletion  time 
is  asstxiated  with  the  nonequilibrium  phonon-stimulated  phonon  replica. 
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2.  Dependence  of  electron  temperature  on  well  width  in  AlInAs/GalnAs 
single  quantum  well  ^ 

From  steady  slate  electron  lempt'raturc  variation  with  well  thickness  single 
GalnAs/Alln As  quantum  wells  determined  lYom  photoluminescence  spectra  it  is 
shown  that  the  electron  and  longitudinal  optical  phonon  scattering  dominates  the 
excess  energy  loss  of  the  ihermalized  two  dimensional  electrons  in  the  single 
quantum  wells  and  the  scattering  rate  is  independent  of  well  thickness  within 
the  experimental  accuracy.  The  average  energy  loss  rate  per  hot-eleclron  w^as 
determined  to  bt'  much  smaller  than  expected. 

"3.  Determination  of  band  off'ests  in  semiconductor  heterolayer  via  optical 
transitions  in  ultrathin  quantum  wells 

The  energy  separation  (AE)  betwam  the  heavy  and  light  hole  subbands  as 
function  of  well  width  for  ultrathin  quantum  well  structures  was  calculated 
using  various  boundary  conditions.  It  was  found  that  the  most  sensitive  range  for 
the  well  width  to  determine  accurately  the  band  discontinuitit's  is  between  15  to 

o  o 

80  A  ,  where  it  is  insensitive  for  well  width  greater  than  80  A  using  optical  tran¬ 
sition  energies  in  quantum  wells. 

->4.  Photogenerated  of  high-density  electron-hole  plasma  energy  relaxation 
and  rapid  expansion  in  CdSe  , 

S  '■ 

Based  on  the  fact  that  the  polar  optical  phoiK>n  emission  rate  is  reduced  due  to 
screening  by  high  density  of  e-h  plasma,  the  remaining  dominant  mechanism  for 
hot  carrier  C(H)ling  is  the  nonpolar  optical  phonon  emission  even  though  GJSe  is  a 
highly  polar  semictniduclor.  It  has  bevn  obserced  that  the  photogeneraled  carrier 
density  is  much  lower  than  the  estimated  density  using  experimental  tx>ndilions. 
Rapid  plasma  expansion  has  bern  proposc'd  as  a  possible  explanation  on  the  grounds 
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of'  the  observed  larger  spatial  width  of  the  photolumineseenee  than  the  laser  spa¬ 
tial  width,  moderate  change  of  Auger  recombination  rate  with  the  excitation  den¬ 
sity,  and  earlier  formation  of  excitons  at  low  tempc'ratures. 

5.  Ultrafast  photoluminescence  kinetics  from  the  magnetic  semiconductor 
CdCrSe  excited  by  femtosecond  laser  pulse 

The  relaxation  kinetics  of  carriers  has  been  observed  to  change  substantially 
above  and  bt'low  the  Curie  temperature  of  130  K.  A  deviation  from  a  monotonic 
increase  in  the  recombination  rate  is  measured  as  temperatures  below  the  Curie 
temperature.  This  complex  bcitavior  is  attributed  to  the  interaction  betw’cen  the 
short  range  spin  critical  fluctuation  of  magnetic  ions  and  the  spin  of  the  hot  car¬ 
riers.  The  fastc'st  recombination  time  was  measured  to  be  3.8  ps. 

I 

~6.  Physics  in  semiconductor  GaAs  and  GaSe  under  picosecond  laser-driven 
shock-wave  compression 

Using  a  pump-probt'  technique,  the  photoluminescence  pc'ak  of  bulk  GaAs  was 
observed  to  blue-shift  and  split  into  two  under  the  laser-induced  shexk  wave  exci¬ 
tation.  In  GaSe,  we  observed  a  broadening  of  the  spontaneous  emission  which  is 
propttrtional  to  the  shtx'k  pressure. 

7.  Optical  transition  and  recombination  lifetime  in  quasi-zero  dimen¬ 
sional  electron  system  in  Cd^Se^  ^ 

Optical  transitions  and  their  recombination  lifetimes  bc'tween  quantized  levels 
(IS,  IP)  in  the  conduction  and  valence  bands  of  quasi-zero  dimensional  electron 
systems  were  measured.  We  have  also  observed  stimulated  excitonic  emissions  in 
CdSSe  quantum  dots  under  picosecond  UV  excitations  at  rtxmi  temperature. 
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8.  Picosecond  dynamics  of  exciton  dissociation  by  neutral  carbon  accep¬ 
tors  in  GaAs  quantum  wells 

We  have  experimental ly  studied  2D  exeiton  capture  pixKTss  by  neutral  carbon 
acceptors  in  unintentionally  dopc'd  GaAs  MQWs  using  picosecond  time  resolved 
photoluininc^^eence  spectroscopy.  It  is  demonstrated  that  cxeitons  can  be  captured 

o 

by  neutral  carbon  acceptors  in  a  55-A  GaAs  MQW  structure.  A  capture  time  is 
found  to  be  about  250  ps  and  independent  of  tempt'rature  below  80  K. 

9.  Determination  of  F-X  mixing  effects  on  the  escape  time  of  electrons  in 
resonant  states  of  GaAs/AlGaAs  double- barrier  tunneling  structures 

We  have  carried  out  a  theoretical  study  on  the  electron  (scape  time  in  double 
barrier  GaAs/AlAs  structures  by  taking  F-X  mixing  into  account.  When  n=l  F- 
state  in  GaAs  well  coincides  with  n=l  X-statc  in  AlAs  barrier  they  couple 
together  and  split  into  F-like  and  X-like  states.  Our  results  show  that  the  escape 
time  of  F-like  electrons  can  be  several  orders  longer  than  that  of  a  pure  F  system. 

10.  Determination  of  intervalley  X^-F^  scattering  time  in  GaAs  by 

picosecond  pump-probe  infrared  absorption  spectroscopy  '■  ^ 

We  have  investigated  for  the  first  time  the  direct  dynamics  of  electrons  in 

the  X^  \alley  for  a  GaAs  crystal  by  time  resolved  absorption  spectroscopy.  IR 

picosecond  probe*  pulses  were  used  to  monitor  the  growth  and  decay  of  electron 

population  in  the  X^  valley  subsequent  to  the  excitation  by  a  527  nin  pump  pulse. 

The  interval  ley  X^  — »  F^  scattering  lime  of  0.50  ±0.35  ps  was  determined.  The 

-1 7 

scattering  cross  section  for  the  X^  estimated  to  be  4.5  X  10 
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11.  Determination  of  the  ell'ective  mass  and  energy  minimum  of  the  X7 
sattellite  conduction  band  of  GaAs 

For  the  first  time,  a  X6-X7  absorption  spectrum  of  GaAs  was  directly  measured 
using  picosecond  pump-nrobc'  absorption  spectroscopy.  From  this  spectrom,  the 
energy  minimum  and  the  density  of  state  effective  mass  of  the  X7  band  were 
determined  to  be  0.345  eV  and  0.48  m„,  respectively. 

12.  F-L  Intervalley  scattering  rates  in  GaAs  measured  by  femtosecond 
time-resolved  four-wave  mixing  spectroscopy 

To  complement  our  work  under  #10  above,  we  have  employed  a  three-pulse 
transient  grating  technique  to  study  intervally  transfer  dynamics  in  highly  pho- 
toexcited  GaAs.  The  femtosecond  four-w-ave  mixing  signal  exhibits  a  two  com¬ 
ponent  relaxation  of  difl'erent  magnitudes  for  various  probe  energies.  The  fast 
relaxation  mechanism  is  due  to  electron  in  the  L  valleys  scattering  back  to  T  val¬ 
ley.  The  effective  transfer  time  for  L  -♦F  was  found  to  be  ~2  ps. 


During  the  past  year  of  grant  AFOSR-86  0031,  special  attentions  was  paid  to 
understanding  the  ultrafast  hole  dynamics  in  the  GaAs  epilayer  and  electron 
dynamics  in  multiple  quantum  well  structures  grown  on  silicon  substrates.  This 
research  is  discussed  in  the  next  two  sections  #13  and  #14. 


13.  Hole  dynamics  in  GaAs  epilayer  grown  on  Si  substrate 

Basc'd  on  the  time-resolved  photoluminescence  from  transitions  of  electron  in 
donor  (Si)  state  to  split  valence  bands,  "heavy  hole"  band  with  spin  momenta 

1  M  If  1 

nij  =  ±—  and  light  hole  band  with  spin  momenta  =  ±_  in  GaAs/Si  under 


phoUK'Xc'iiation  density  bt'low  the  donor  density,  the  hole  dynaniies  was  investi¬ 
gated  with  the  I'ollowino  restilt: 

(a)  The  intraband  hole  therinalization  time  for  heavy  hole  is  found  to  bt'  shorter 
than  that  for  light  holes.  An  upper  limit  of  6  ps  for  light  hole  thermalization 
was  estimated. 

(b)  The  time  needed  for  two  typt's  of  holes  to  bt'  in  equilibrium  is  found  to  be 
about  1 1  ps. 

(e)  We  are  able  to  determine  the  hot  hole  ecx)ling  eurve  by  theoretieally  mtxieling 
the  measured  speetra  at  dilferent  times.  The  tooling  eurve  providt's  useful 
information  about  hole-phonon  interaetions.  We  found  hole  eixiling  rate  for 
the  sample  was  six  times  smaller  than  expt'ctcd  based  on  hole  seatterings  with 
equilibrium  longitudinal  optieal  phonons.  It  was  found  that  nonequilibrium 
phonon  population  with  a  LO-phonon  lifetime  of  8  ps  could  account  this 
apparent  slow  hot  hole  e(x>ling. 

14.  Electron  dynamics  in  GaAs  multiple  quantum  wells  on  Si 

We  havi  carried  out  time  and  energy  rt'solved  photolumineseence  measure¬ 
ments  on  two  p-m(Klulation  dopt'd  GaAs  multiple  quantum  well  (NXJW)  struc- 

o 

turt's  grown  on  Si  substrates  with  40  and  188  A  well  thicknesses  and  fixed  barrier 

o 

width  of  250  A  at  dilferent  lattice  temperatures  and  photix'xcitation  densities. 
Making  use  of  the  built-in  strain  in  GaAs  MQW  due  to  thermal  ccx'lfieient 
dilference  bc'tween  GaAs  MQW  and  Si  substrate  and  the  freedom  to  select  well 
thicknt'ss  and  doping  density,  we  are  able  to  study  electron  dynamics  with  heavy 

o  o 

holes  and  light  holes  in  188  A  and  the  40  A  wells,  respi'i'tively.  Two  luaiii  resuius 
are  dt'seribed  as  follows: 
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(a)  Ii  was  found  that  energy  relaxation  of  photogeneraled  hot  electrons  in  188 

o  o 

A-wclls  with  do|X'd-in  heavy  holes  was  mueh  slower  than  in  the  40  A-wells 
with  dopc'd-in  light  holes  under  the  condition  of  similar  electron  and  hole 

o 

densities.  The  reason  for  slow  energy  relaxation  in  188  A-wells  was  fouc.d  to 
be  the  built-up  ol'  nonequilibrium  longitudinal  optical  (LO)  phonons  that  hot 
electrons  nnteract  with.  This  observation  demonstrates  a  low  electron  energy 
relaxation  prtxess  normally  (xvur  in  modulation  p-doped  GaAs  MQWs  grown 
on  GaAs  substrate  is  due  to  weak  energy  exchange  between  hot  electrons  and 
heavy  holes  resulting  in  an  enhancement  of  nonequilibrium  LO  phonon  popu¬ 
lation.  With  freedom  to  chtxm'  the  mass  of  dopt'd  hole,  we  are  able  to  swicth 
olf  the  nonequilibrium  LO  phonon  elfect  on  hot  electron  energy  relaxation 

o 

pixx'ess  in  the  40  A-wells. 

(b)  Since  the  Fermi-level  for  the  doped-in  light  holes  is  very  close  but  slightly 

o 

below  the  heavy  hole  subband  edge  in  the  40  A  -wells,  this  allow  us  to  deter¬ 
mine  both  electron  and  hole  tempt'ratures  with  an  accuracy  0.5  K.  Wc  have 
measured  the  electron  and  hole  tempt'rature  cooling  curve's  in  ranges  of  32  to 
4  K  and  8  to  4  K,  respectively.  By  fitting  these  ccx>ling  curves  we  have  deter¬ 
mined  the  electron-hole  energy  exchange  rate  to  be  0.05(7’,.  —T,,  )  K  /  ps  in  the 
measured  tempt'rature  regions.  It  was  also  found  that  the  light  hole  and 
acoustic  phonon  interaction  was  two  orders  of  magnitude  stronger  than 
expected. 


-  9  - 


List  of  publications  under  AFOSR-86-0031  support  (1986-1990) 

(1)  "EX'ierminalion  of  valcncc-band  discontinuity  via  optical  transitions  in 
ultrathin  quantum  wells",  Kai  Shum,  P.  P.  Ho,  and  R.  R.  Alfano,  Phys.  Rev.  B 
33,  7259(1986) 

(2)  "Dependence  of  electron  tempemature  on  well  width  in  the 

0  53^^  single  quantum  well",  Kai  Shum,  P.  P.  Ho, 
Alfano,  D.  F.  Welch,  and  L.  F.  Eastman,  IEEE  Journal  of  Quantum  Electronics, 
QE-22,  181  1(1986). 

(3)  "  Photogencrated  high-density  electron-hole  plasma  energy  relaxation  and 
expt'rimental  evidence  fro  rapid  expansion  ol'  the  electron-hole  plasma  in 
CdSt'",  M.  R.  Junnarkar  and  R.  R.  Alfano,  Phys.  Rev.  B  34,  7045  (1986). 

(4)  "Temperature  dependence  of  the  ultrafast  photoluminescence  kinetic  from  the 
magnetic  semiconductors  CdCrSe  excited  by  femtosecond  laser  pulse",  P.  P.  Ho, 
W.  Lam,  A.  Katz,  S.  S.  Yao,  R.  R.  Alfano,  IEEE  J.  Quant.  Elec.  QE-22,  205 
(1986). 

(5)  "Spin  depliasing  kinetics  of  free  carriers  in  alloy  semimagnetic  semiconductor 
CdMnSe  by  one  and  two  photon  excitation",  M  R.  Junnarkar  and  R.  R. 
Alfano,  Ultra  fast  Phenomena  V,  ed.  A.  E.  Siegman,  pp.  251,  Springer  Verlag 
(1986). 

(6)  "Ultrashort  spontaneous  lifetimes  for  transitions  in  quasi-zero  dimensional 
electron  systems  in  CdS^Scj  Kai  Shum,  G.  C.  Tang,  M  R.  Junnarkar,  and 
R.  R.  Alfano,  Appl.  Phys.  Lett.  51,  1839  (1987). 

(7)  "Energy  relaxation  and  ballistic  dilfusion  of  phoux'xcited  carriers  in  sym¬ 
metric  and  asymmetric  quantum  wells",  Kai  Shum,  M  R.  Junnarkar,  H.  S. 
Chao,  R.  R.  Alfano,  and  H.  Mtu'kix',  SPIE  793,  6  (1987). 


-  10  - 

(8)  "Confinc'mcni  cn'cxis  on  the  scailering  oi'  electrons  by  polar  optical  phonons  in 
semiconductor  quantum  wells",  Kai  Shunt  and  R.  R.  Alfano,  SPIE  793,  70 
(1987). 

(9)  "Optical  transitions  and  recombination  lil'etimes  in  quasi-zero  dimensional 
electron  <\  stcm  in  CdS^Sc^  j.",  Kai  Shum,  G.  C  Tang,  M  R.  Junnarkar,  and  R. 
R.  Alfano,  SPIE  793,  150  (1987). 

(10)  "Shoc'k  wave-induced  collision  broadening  of  the  phoioluminescence  spectra 
in  GaSe",  X.  Z.  Lu,  S.  Lee,  R.  Garuthara,  and  R.  R.  Alfano,  Appl.  Phys.  Lett. 
51,  1789  (1987). 

(11) "GaAs  photoluminescence  tinder  picosecond-laser-driven  shock  compression", 
X.  Z.  Lu,  R.  Garthara,  S.  Lee,  and  R.  R.  Alfano,  Appl.  Phys.  Lett.  52,  93  (1987). 

(12)  "Reply  to  [Comment  on  ‘Determination  of  valence  band  discontinuity  via  opt¬ 
ical  transitions  in  ultrathin  quantum  wells’]",  Kai  Shum,  C.  Zhang,  P.  P.  Ho, 
and  R.  R.  Alfano,  Phys.  Rev.  B  37,  1408  (1988). 

(13)  "Nonequilibrium  phonon  effects  on  the  time-dependent  relaxation  of  hot  car¬ 
riers  in  GaAs  MQW",  Kai  Shum,  M  R.  Junnarkar,  H.  S.  Chao,  R.  R.  All'ano, 
and  H.  Morkoc,  Solid-state  Electronics  31,  451  (1988). 

(14)  "Effects  of  nonequilibrium  phonons  on  the  energy  relaxation  and  recombina¬ 
tion  lifetime  of  photogenerated  carriers  in  undoped  GaAs  quantum  wells", 
Kai  Shum,  M,  R.  junnarkar,  H.  S.  Chao,  R.  R.  Alfano,  and  H.  Morkix',  Phys. 
Rev.  B  37,  8923  (1988). 

(15)  "Ultrafast  pnxe.sses  in  quasi-zcro-dimensional  semiconductor  particles  in 
glasses",  Kai  Shum,  R.  R.  Alfano,  SPIE  794,  (1988). 

(16)  "Iniervally  scattering  rates  in  GaAs  measured  by  time  resolved  four-wave 
mixing  sfxciroscopy",  A.  Katz  and  R.  R.  Alfano,  Appl.  Phys.  Lett.  53,  1065 
(1988). 


- 11  - 

(17)  "Resonant  level  lil'etime  in  GaAs/AlGaAs  douhle-barrier  sirueiures  in  the 
eonsideralion  ol'  F-X  mixing",  K.  Shuni,  T.  F.  Zheng,  M  Lax,  R.  R.  Alfano 
(submitted  to  Appl.  Phys.  Lett.,  1990). 

(18)  "Pieoseeond  dynamics  of  exciton  capture  by  neutral  carbon  acceptors  in  GaAs 
quantum  wells"  K.  Shun  and  R.  R.  AH'ano  (Submitted  to  Phys.  Rev.  B). 

(19)  "Observa’ ion  of  stimulated  photon  emission  in  CdSeS/glass  spherical  quantum 
well  structures  under  picosecond  UV  excitation",  K.  Shum  and  R.  R.  Alfano 
(in  preparation). 

(20)  " Hydrogen-molecule-like  complex  in  undoped  GaAs  quantum  wells",  K. 
Shum  and  R.  R.  Alfano,  (submitted  to  Phys.  Rev.  Lett.). 

(21)  "Picosecond  hole  dynamics  in  GaAs  grown  on  silicon",  Kai  Shum,  Y.  Takigu- 
chi,  J.  M  Mohaidat,  F.  Liu,  and  R.  R.  Alfano  Appl.  Phys.  Lett.  56,  2328  (1989X 

(22)  "The  intervalley  Xb-Fb,  Lb  st'aitering  times  in  GaAs  measured  by  ultrafa.sl 
pump-probe  infrared  absorption  spectro.scopy",  W.  B.  Wang,  N.  Ockman,  M 
Yan,  and  R,  R.  Alfano,  Solid  State  Electron.,  32,  1337  (1989). 

(23)  "Hot  hole  energy  relaxation  dynamics  in  GaAs  grown  on  Si",  SPIE,  (1990). 

(24)  " Determination  of  the  intervalley  Xb-Fb,  Lb  scattering  times  and  the  density 
of  states  elfective  mass  of  X7  band  in  Ga.'^s  by  picosecond  time  resohxxl 
absorption  spectroscopy",  W.  B.  Wang,  N.  Ockman,  M  A.  Cavicchia,  M  "^an, 
and  R.  R.  Alfano,  SPIE,  (1990). 

(25)  "  Determination  of  the  density  of  state's  elfective  mass  and  the  energy 
minimtim  of  the  X7  sattellite  conduction  band  in  GaAs  from  the  Xb-X7 
absorption  spectrum",  W.  B.  Wang,  N.  Oekman,  M  A.  Cavicchia,  and  R.  R. 
Alfano,  Appl.  Phys.  Lett.  57,  (1990). 


12  - 


List  of  Participating  Scientific  Personnel 

1.  R.  R.  Alfano  (Distinguished  Professor) 

2.  Kai  Shum  (Assistant  Professor) 

3.  K.  S.  Wong  (Research  Associate) 

4.  H.  S.  Chao  (Graduate  Student) 

5.  A.  Katz  (Research  associate) 

6.  S.  Lee  (Graduate  student) 

7.  W.  B.  Wang  (Graduate  Student) 

8.  M.  A.  Cavicchia  (Graduate  Student) 

Students  graduated  under  this  program 

1.  A.  Katz  (12/88) 

2.  Kai  Shum  (08/87) 

3.  M.  Jimnarkar  (05/86) 


